The components of the basal ganglia (BG) system, including the striatum, are bilateral structures that, like the thalamus, serve behavior and movement control through the regulation of cortical output. The BG operate in close relation with the cerebral cortex being part of an extensive loop, the BG-thalamic-cortical system, and their association results in several processing circuits between different cortical areas.
Summary
The basal ganglia consist of a variety of subcortical nuclei engaged in motor control and executive functions, such as motor learning, behavioral control, and emotion.
The striatum, a major basal ganglia component, is particularly useful for cognitive planning of purposive motor acts owing to its structural features and the neuronal circuitry established with the cerebral cortex. Recent data indicate emergent functions played by the striatum. Indeed, cortico-striatal circuits carrying motor information are paralleled by circuits originating from associative and limbic territories, which are functionally integrated in the striatum. Functional integration between brain areas is achieved through patterns of coherent activity. Coherence belonging to cortico-basal ganglia circuits is also present in Parkinson's disease patients. Excessive synchronization occurring in this pathology is reduced by dopaminergic therapies.
The mechanisms through which the dopaminergic effects may be addressed are the object of several ongoing investigations. Overall, the bulk of data reported in recent years has provided new vistas concerning basal ganglia role in the organization and control of movement and behavior, both in physiological and pathological conditions. In this review, basal ganglia functions involved in the organization of main movement categories and behaviors are critically discussed. Comparatively, the multiplicity of Parkinson's disease symptomatology is also revised.
K E Y W O R D S
basal ganglia, motor automaticity, Parkinson's disease, striatum, temporal processing in processing, routing, and reverting cortical information. 7, 8 Owing to its structural features and the neuronal circuitry established with the cerebral cortex, the striatum is particularly useful for cognitive planning of purposive motor acts. The peculiar striatal regional differentiation, as visible from histochemical evidence, and the circuitry features enable the BG system to operate a functional integration between brain areas.
Overall, the bulk of data reported in recent years has provided new vistas concerning BG role in the organization and control of movement and behavior, both in physiological and pathological conditions. In this review, BG functions involved in the organization of main movement categories and behaviors are critically discussed.
Comparatively, the multiplicity of Parkinson's disease (PD) symptomatology is also revised.
| ANATOMI C AL FE ATURE S OF BA SAL G ANG LIA
The striatal route operates a primary functional differentiation by means of three main loops: (i) putamen sensorimotor circuit, with output to the primary motor cortex, supplementary motor area, and premotor cortex; (ii) caudate nucleus associative circuits, with output to the prefrontal cortex; and (iii) ventral striatum limbic circuit, with output to the anterior cingulate cortex and medial prefrontal cortex. 9 The BG output structures are the inner segment of the globus pallidus and substantia nigra pars reticulata, which are tonically active, thereby suppressing thalamic activity and ultimately activating cortical motor commands. Through the indirect pathway, cortical inputs are inhibited. It has been suggested that the indirect pathway, passing through the subthalamic nucleus, provides an inhibitory background to impulsive behavior, whereas the direct pathway gives an excitatory input toward specific behaviors. 10 The rat striatum is characterized by white matter embedded in grey matter. The striosome and the matrix compartments differentiate the structure of the striatal grey matter. 11 Originally described as areas poor in acetylcholine esterase, scattered into the surrounding matrix, 12 the striosomes display strong immunoreactivity against enkephalin, substance P, GABA, and neurotensin, whereas the matrix compartment is enriched with parvalbumin and calbindin. 13 Most of the neurons composing the striatal grey matter are medium-sized spiny projection neurons (MSNs). MSNs of the matrix innervate the external and internal segments of globus pallidus, as well as the pars reticulata of the substantia nigra.
MSNs located in the striosomal compartment present dendrites that never reach the matrix and project into the substantia nigra pars compacta, preferentially, although collaterals targeting the same routes of the matrix MSNs are also present. 12 As a consequence, the striosome compartment is in a strategic position to exert a global control over dopaminergic signaling in the dorsal striatum. In fact, owing to their projections to the pars compacta of the substantia nigra, neurons included in the striosomes may condition striatal dopamine (DA) release.
1 Despite the absence of specific studies, peculiar aspects of repetitive behavior appearing in both movement and psychiatric disorders 14 may be due to excessive signaling in the striosomal compartment. 1 Striatal levels of DA are affected by opioid receptors exerting a general inhibitory effect, depending on their specific striosome/ matrix distribution. 15 When DA depletion condition occurs striosomal compensatory effects take place increasing opioid activity. 16 Moreover, a specific opioid modulation of DA release in dorsal striatum is known. 17 Excessive BG opioids transmission seems to be implicated in behavior and movement impairments. 18 Differences in striosome and matrix neurons activation have been reported to occur in drug addiction and L-3,4-dihydroxyphenylalanine (L-DOPA) induced dyskinesia, that is, in the presence of DA receptor hyper-responsivity.
1
A regional differentiation in striatal neuronal processing, with respect to mediodorsal striatum associative function, dorsolateral striatum sensorimotor processing, and ventral striatum limbic-related processing, has been reported. 2, [19] [20] [21] In the rat, the striatal white matter is organized in fascicles of fibers running through the entire nucleus. These fibers are topographically arranged and contain projections, not only intrinsic to the striatum, but also directed to the thalamus and brainstem. 22 Owing to the presence of a regional differentiation in striatal neuronal processing, the white matter bundles raveling the entire rat striatum are influenced by this regional differentiation in cortico-striatal inputs.
Hunnicut and co-workers documented that striatal white matter bundles are formed by both thalamic and cortical afferents. 23 The thalamic fibers consist of fasciculated and unfasciculated axons. The former are passing fibers, while the latter make synapses with striatal neurons. The cortical inputs to the striatum have a dual organization: a core projection field of densely packed terminals and a diffuse projection field characterized by converging or sparse thalamic terminals. Data from the above study 23 are active during the planning phase that preceeds movement, the latter during movement execution. 26 In addition, signals provided by pyramidal neurons reach striatal neurons a few milliseconds before those carried by interhemispheric neurons. 27 
| THE BA SAL G ANG LIA FUN C TI ONAL MACHINERY

| Cognitive aspects of motor control
Behavior is composed of a set of actions sequentially ordered. A given sequence of motor acts can be successfully and efficiently executed when sensory-motor associations are acquired, timed, and related to each other, such as to produce a specific outcome. On the contrary, whenever changes in the environment occurr or routine behavior become inappropriate, the repetition of learned and automatized movements can be switched into a cognitively controlled one. The switching between automatic and voluntary controlled movements is a major function of the BG. 28 The term ethogram indicates a comprehensive and structured entity characterizing duration, frequency, and latency of behavioral events. 29 This definition of ethogram is based on the fact that events are recurrent in time. A set of repeated events may represent the essential substrate for the occurrence of a habit. In fact, behavior is defined as habitual when it occurs repeatedly over time. 30 The temporal scale is the "parameter" through which events are related to each other. Stimulus-response associative mechanisms are subjected to time constraints, before they can be processed to generate an action-outcome association. 31 This processing is the basis of automated behavior. 4, 32 Notably, the study of temporal behavior characteristics (Tpattern) in several animal species, including rodents 33, 34 and humans, 35 has revealed hidden time-scale relationships between events. The application of T-pattern analysis consists in multivariate statistical analysis of behavioral events aimed at the detection of otherwise undetected structures. Behavioral dynamics and the time course of structural relationships among events are dependent on (and they change with) previous experience. 36 The striatum is able to process information to build procedural knowledge. This function is based on the ability to chunk individual behavioral components 37 and rebuild them into a different timing scale that identifies a new behavioral structure. 28 Learning behavior is based on the acquisition of timed relationships connecting various events. Habits are possible when a sequence of events is hierarchically recognizable and reproducible, and the temporal relationship between them is well established. 31 This process is based on the appearance of the end-related signal, developed in striatal activity during learning. 38 Whatever the driving force of this end-related signal, its independence from reward identifies the activity as an "event" useful to build behaviors based on different unit sequences. Based on the acquisition of rules concerning the temporal relationship between actions, the entire sequence of events can be automatically reproduced. Habituation, in other words, is a process through which the association between events (action-outcome association) is acquired during learning and the reproduction of an actions' sequence is no longer dependent on external cues. 39 The place preferring behavior that rodents exhibit during early learning of a plus-maze task, shifts into a response strategy as a consequence of the training effect. 40 In a similar way, action-outcome contingency (sensitive to devaluation) passing through the automation process becomes independent from reward, shifting into habitual behavior. 38 Accordingly, T-pattern behavior investigation of rodents subjected to the plus-maze task revealed a clear behavioral shift after the initial exposure. In the early phase of task execution, a predominance of spatial exploration with a complex manifestation of behavioral elements was evident. During the later phase of the task, a simplification and a re-organization of behavioral elements occurred, indicating a clear effect of previous experience. The temporal structure of resulting behavior was directed toward a more "egocentric" action plan.
36,38
| Basal ganglia in cognitive motor control
Normal locomotor capabilities depend on the nigrostriatal pathway integrity. DA plays a major role in maintaining BG network stabil- BG mnemonic functions are based on the concept that neural representation of learned information remains in a labile state, subject to external influence briefly after it is first acquired. The subsequent consolidation process would be subjected to DA strengthening so that information storage is first measured by the degree of coupling between the motor response and the "trigger" stimulus (the one raising the re-action). Building consistent responses to environmental cues implicate the ability to process and collect consistent relationships between stimuli and responses. 44 Functionally, the striatum acts as a detector of discontinuously distributed patterns coming from cortical inputs. 45 In the rat, at rest, striatal neurons display low spontaneous activity and hyperpolarized membrane potentials. Striatal-projecting neurons need to simultaneously receive convergent cortical inputs to fire. 46 As a result, different BG areas work together to efficiently coordinate behavior and contextual requirements, in other words making decisions.
The dorsomedial striatum mediates goal-directed behavior requiring conscious efforts while the dorsolateral striatum is involved in executing habitual behaviors. 47 In agreement, it has been recently found that the thalamus conveys sensory-related information to the dorsolateral striatum. On the other hand, the cortico-striatal inputs contribute to the stimulus-induced response observed in the dorsolateral striatum. 48 This is schematically shown in Figure 1 . This framework is crucial when considering that PD patients lose established automatism in executing skilled movements due to the earlyphase disruption of sensorimotor striatum. 49, 50 In fact, PD patients often have difficulties in the execution of repetitive internally generated movements while they are able to perform externally paced movements, such as finger tapping. However, repetitive finger tapping performance is improved in the presence of external auditory cues. Additionally, in PD patients, dual-tasking can exacerbate performing difficulty of simple repetitive movements. 6 The activation of neural structures involved in the generation of internally cued movements, such as the putamen, supplementary motor area, and cingulate cortex is impaired in PD patients in off drug treatment and if asked to perform volitional motor tasks. 6 Thus, the BG may provide internal timing cues facilitating movement initiation in well-learned routines, and the switch between learned and automatized motor acts via the supplementary motor area. 51 In Parkinsonian patients, the BG-supplementary motor area system is dysfunctional while the cerebellar-premotor cortex system seems to be preserved.
52
They showed improved ability in performing movement sequences when external cues (auditory and/or visual) are made available, thus compensating internal cueing deficit and reducing the degree of automaticity. 6 PD patients engaged in internally driven task showed augmented recruitment of cortico-cerebellar circuits, as they transitioned from non-symptomatic to symptomatic stages. 53 A possible compensatory recruitment of the cerebellar-premotor circuit, through disease progression, was hypothesized. 53 Accordingly, patients with PD exhibited higher brain activity in the executive area during self-initiated movements. A lower brain activity in the sensorimotor area during cue-initiated movements suggests that these patients may use executive control when performing simple motor acts. 54 Striatal DA depletion has been shown to improve both the automatisms of internally cued motor skills and the ability to switch from over-trained behavior to alternative self-paced response. 55 Interestingly, it has recently been shown that stroke patients improved their dual-task performance impairment by internally directed attentive focus practice. thus switching the behavior contingency dependent on internal cues. 8 Considering movements as organized at hierarchical levels, the stereotyped, rhythmic, and goal-directed movements, we can hypothesize that during the assembling of goal-directed movements the relation between internally driven actions and current external stimuli is established, accordingly to temporal constraints determined by DA function. This concatenation would permit the replacement of goal-directed movements with stereotyped (homeostatic) movements, the latter being more manageable by automation process. Thus, motor skills are gained through the repetition of a sequence following a specific pattern of actions. Successful behaviors are obtained when a wide range of selection options (chunking)
are available, to choose the most appropriate response to contextual requirements.
| Basal ganglia in stereotyped motor control
Stereotyped movements develop in animal models of PD in the presence of a nearly total DA fibers degeneration, comprehensive of those reaching the ventral striatum. 57 Repeated exposure to psychostimulant drugs produces behavioral sensitization in nonlesioned rats, a phenomenon characterized by spontaneous locomotion enhancement and stereotyped movements. 58 On the other hand, behavioral sensitization to psychostimulants may result from:
(i) direct pharmacological drugs activity; and (ii) experiences associated with the drugs themselves. 58, 59 This hypothesis is surprisingly similar to the suggestion that movement performance per se induces sensitized motor responses in DA-denervated rats subjected to DA repetitive stimulation. 60 Altogether, the above evidence points out that a low DA stimulation can induce repetitive movement impairments, whereas excessive DA stimulation can induce abnormally repetitive behaviors in the form of motor stereotypes.
The neuronal firing pattern in the dorsolateral striatum is specifically correlated with the serial pattern of actions that constitutes syntactic grooming chain. These neurons are differently activated when grooming movements occur in a varied serial order. In particular, neurons coding the grooming syntax are clustered within a restricted area of the anterior dorsolateral striatum. 61 A hierarchical organization has been proposed in which the anterior portion of the dorsolateral striatum phasically modulates the circuit generating the grooming syntax chain. Switching actions toward the sensorymotor drive enable the system to complete each step composing the chain. 62, 63 The serial order of action syntax has been proposed to participate in the transition between simple movements and abstract cognition. Disruption of action syntax may be linked to damage of specific anatomic area in the striatopallidal system. 61 Therefore, rhythmic movements can be described as those where the action syntax is "recognized" as a consequence of sensorimotor integration in the dorsolateral striatum. Such integration includes the firing tuning of neuronal clusters, functionally selected by external (or internal) stimuli, and temporally associated with a specific motor output. These different events, that is, the sensory information and the motor output, become associated with each other in their temporal occurrence by the DA-mediated processing. As a result, the motor act is strongly related to the associated stimulus.
It is worth noting that interhemispheric coordination is required 
| MOTOR SYMP TOMS IN PARKINSON ' S DISE A SE
In Parkinson's disease, non-tremor-dominant subjects display impaired connectivity in nigro-pallidal and fronto-striatal pathways, as compared with tremor-dominant subjects. 66 According to previous findings, non-tremor-dominant PD patients showed reduced DA levels in the ventral pallidus, correlated to a reduced connectivity due to nigral damage. 66 Interestingly, fMRI studies demonstrated that prefrontal cortex and globus pallidus activation were reduced in nontremor compared to tremor-dominant PD patients and controls. 67 On the contrary, in tremor-dominant PD patients, tremor-related cerebral activity first arises in the inner segment of the globus pallidus and then propagates to the cerebello-thalamo-cortical loop. [68] [69] [70] Thus, it seems that a differential effect could be accounted for in the cortico-subcortical activity and be related to specific symptomatol-
ogy. An example of coherence belonging to cortical-BG circuits is also present in PD patients. The excessive activity synchronization occurring in this pathology is reduced by DA therapies. 71, 72 Recently, electrophysiological studies on normal subjects and patients, reporting inter-hemispheric coherence activity during the execution of skilled movements, showed a differential contribution from the two cerebral hemispheres, independently from the dominant hand. PD. This impairment is particularly evident in internally generated sequential movements and may benefit from the introduction of external rhythmic cues. 75 In line with motor planning deficiency, PD patients are known to exhibit selective deficit in motor timing for sequential movements separated by a supra-second interval. 76 It has been suggested that the dorsal striatum is critical in motor timing control. DA receptors in the striatum, other than in the globus pallidus and substantia nigra reticulata, are more effective in controlling L-DOPA effect in PD patients. Accordingly, a prominent role of striatum in the interhemispheric coordination, with respect to extra striatal source, was reported. 77 Thus, BG-dependent impairment of motor automaticity results in slowness and high timing variability when performing simple repetitive movements.
Besides the activation of specific cortical areas, such as the supplementary motor area and the lateral premotor cortex, the functional coupling between premotor and sensorimotor areas of the two hemispheres is also important for precise timing and execution of bimanual movements. 64 Interestingly, it has been found that cortical enhanced inter-hemispheric functional coupling occurs during the early-phase of bimanual coordination learning, but not during sequence repetition or during unimanual sequence learning.
Subsequently, BG encoded motor routines may be executed with minimal cortical involvement. 64 This may be the underlying ability impairment suffered by PD patients.
BG diseases result in a movement disorders spectrum, characterized by both hypokinetic and hyperkinetic signs. The former are recognizable by bradykinesia and movements deficit, such as in PD patients, the latter are associated with dyskinesia and involuntary movements appearance, such as in Huntington's disease.
78,79
Movement disorders in psychiatric diseases, such as schizophrenia and addiction, are common, 14, 80 suggesting some overlapping pathogenic mechanisms. 81 On the other hand, psychiatric symptoms belong to the early appearing movement disorders signs, such as Huntington's disease or PD. 82, 83 In PD patients, postural and locomotor impairments develop when midbrain nigral neurodegeneration induces a near complete DA loss in striatal tissue. 84 Similarly, dysfunction in DA signaling underlies a variety of psychiatric diseases, including schizophrenia and drug addiction. The striosomal MSNs located in the lateral striatum are the candidate in regulating DA signaling. In fact, a strict association of opioid and D2-like DA receptors has been reported. 24 Moreover, the MSNs ability to modulate both tonic and phasic DA signals was described.
42
| CON CLUS ION
In summary, the cortico-striatal functioning pattern may be responsible for cognitive planning of movements, allowing optimal synchronization such as to ensure bilateral coordination of neural activities necessary to gain skilled actions. When this function cannot be accomplished, tremor, gait, speech problems (stuttering), tics, or psychiatric disorders will appear. In line with this point of view, recent data showed that a balanced cross-hemispheric DA release occurs in the dorsomedial striatum only. 65 The direct result of such functional arrangement is that, when the striatum is unilaterally denervated, compensatory mechanisms are specifically based on the DA supply to the dorsomedial striatum provided by the contralateral substantia nigra. This allows functional re-synchronization of the dorsomedial striatal output, but not the dorsolateral one. As a consequence, the main impact of unilateral denervation may result into desynchronization between interhemispheric cortical-BG-thalamic-cortical loops pertaining to different striatal functional areas.
In conclusion, we have reviewed the BG functions involved in the organization of the main movement categories and behaviors.
A deep comparison with PD symptomatology in relation to BG dysfunctions has been revised. Our main conclusion is that BG are more than just a switching device. In fact, our analysis suggests that the consequences of bilateral functional coordination loss in neurodegenerative disorders progression, such as PD, deserve careful consideration, assuming that they could emerge and develop unilaterally during the early-phase of their staging.
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